Objectives: This study evaluated the Xpert HPV Assay in women attending screening in general practice by comparing Xpert with two established HPV tests, cytology and histology. Methods: A prospective study in women aged 20-60 years attending screening in Bristol, Edinburgh and London using residual Preservcyt cytology samples. Sample order was randomised between Roche cobas4800 and Cepheid Xpert assays with Qiagen hc2 third. Results: 3408 cases were included in the primary analysis. Positivity for Xpert was 19.6%, cobas 19.2% and hc2 19.9% with high concordance (kappa ¼86.8% vs cobas, 81.55 vs hc2). Xpert, cobas and hc2 showed similar sensitivity (98.7%, 97.5%, 98.7%) for CIN2 þ. All pairwise comparisons had high concordance (Kappa Z0.78 with any abnormal cytology. Xpert and hc2 were positive for all cases of Zmoderate dyskaryosis (N¼ 63)), cobas was negative in two. Histology was available for 172 participants. 79 reported CIN2 þ, 47 CIN3 þ. All CIN3þ was positive on Xpert and hc2 and one case negative for cobas. One case of CIN2 was negative for all assays. Conclusions: The performance of Xpert HPV Assay in a general screening population is comparable to established HPV tests. It offers simplicity of testing, flexibility with non-batching of individual samples and rapid turnaround time.
Introduction
Human Papillomavirus (HPV) testing is increasingly being recognised as the best method for primary cervical screening because of its very high sensitivity [1] [2] [3] . There are a number of HPV tests currently available, but they all require a high degree of laboratory expertise and sophisticated platforms which are generally more efficient when samples are run as full batches. The Xpert HPV Assay (Cepheid, Inc, Sunnyvale, CA) is a real-time Polymerase Chain Reaction (PCR) assay, using disposable cartridges, for the detection of 14 types of high-risk HPV DNA (types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68) from a liquid cytology sample. The assay is run on the Cepheid GeneXpert System which is a scalable, random access instrument platform. Its capacity ranges from one to 80 tests in simultaneous, but asynchronous assays which can be run for the same or different assays according to the cartridge used. Results are typically available in 60-90 min depending on the assay. An early and now widespread use of the platform was to diagnose tuberculosis and distinguish drug resistant strains in low and intermediate income countries [4] . Other uses include testing for a range of infectious agents. There are now over 8500 platforms in use throughout the world.
To date, performance of the Xpert HPV Assay using samples derived from referral populations have been comparable to those of currently available clinically validated tests [5, 6] . The objective of this study was an evaluation of the Xpert HPV Assay in a screening population using residual cervical cytology PreservCyt specimens originally obtained from women aged 20-60 years. Performance of the Xpert HPV Assay was compared to two established HPV DNA tests and with cytology and histopathology.
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Methods
There were four sites in this study: 3 clinical and also 1 reference. The external reference site gave blind testing and standardised conditions for the primary comparator -cobas 4800. The three clinical sites were Bristol, Edinburgh and London. Samples were originally collected from women attending for routine cervical screening as part of the UK NHSCSP in PreservCyt liquid cytology using a Cervex brush (Rovers Medical Devices B.V., Oss, Netherlands) or similar. A residual specimen was the remaining PreservCyt sample, kept at room temperature, after the completion of routine clinical testing (cytology evaluation and, where applicable, high-risk HPV triage). A satisfactory cytology result (with or without HPV triage) and sufficient remaining sample volume to carry out at least two HPV tests (minimum 8 ml PreservCyt) was required. Sample size calculations were done separately for women aged 20-29 years and aged 30-60. An HPV prevalence of 25% in the younger women and 8.7% in the older age group resulted in minimal sample sizes of 900 and 2600 respectively to be able to have 95% power to ensure that the lower 2-sided 95% CI for kappa would be above 0.75 when the true value was 0.82 for cobas and above 0.65 when the true value was 0.75 for hc2 for each age group. Assumed true kappa values were based on previous studies [7, 8] .
The samples were collected from women who had originally attended screening between July 2013 and January 2014. Populations were somewhat different as the screening algorithms were different in the 3 centres leading to different positivity rates. In order to obtain 900 women in the 20-29 age group, this was oversampled in Edinburgh, as screening begins at age 20 years in Scotland and 25 years in England. Also in Scotland women who had borderline or mildly dyskaryotic smears were followed by repeat short term cytology and not triaged with HPV to determine if they should be referred immediately, so that these women were also included in the sample from Edinburgh. However within each centre samples were collected at random from each age stratum.
The primary comparison was between the Xpert HPV Assay and the Roche cobas 4800 HPV test (Roche Diagnostics, Basel, Switzerland) with a secondary comparison between Xpert HPV Assay and the hc2 test (QIAGEN, Gaithersberg, MD). Aliquot order was either by method 1, where odd numbered specimens had an aliquot for cobas detection taken first and Xpert second and vice versa for even numbers or method 2 where batches of 100 specimens were divided into 2 halves with the first 50 having an aliquot for cobas detection taken first and Xpert second and the next 50 having the Xpert first and cobas second. The aliquot for hc2 was always taken third. The original specimen in the ThinPrep pot was mixed either by inverting 8-10 times or briefly vortexing for 5-10 s prior to the removal of each aliquot. The cobas aliquot (volume 2 ml) was stored at room temperature (15-25 1C) and dispatched to the reference laboratory in Liverpool where testing was conducted in accordance with the manufacturer's instructions. The Xpert HPV Assay was conducted onsite in laboratories in Bristol, Edinburgh and London. The aliquot (volume 1.2 ml) was stored at room temperature (15-25 1C) prior to testing. Testing was carried out within six weeks of sample collection in accordance with manufacturer's instructions. The aliquot for hc2 testing (volume 4 ml or 2 ml depending upon whether a manual or Rapid Capture System processing method was used) was stored at room temperature or refrigerated (2-30 1C) and tested onsite within six weeks, as per manufacturer's instructions.
Detailed technical descriptions of the Xpert HPV Assay have been reported elsewhere [5] . Briefly, the E6 and E7 genes of the 14 targeted HR HPV types are amplified simultaneously in five fluorescent channels: HPV16; HPV18/45; HPV31/33/35/52/58; HPV51/59; and HPV39/56/66/68. A specimen adequacy control, HMBS, is detected in a sixth channel. Assay results were reported as an overall "positive" if any of these types were detected, with HPV16 and HPV 18/45 reported separately.
The cut-off for positivity with the Xpert HPV Assay waso40Ct for HPV 16 Positivity rates and agreement of the Xpert Assay with the Cobas (primary comparator) and high-risk hc2 (secondary comparator) were evaluated. Referral to colposcopy was only based on the cytology result, with or without HPV triage according to local protocols. The triage tests used were Abbott RealTime in London and hc2 and Aptima in Bristol. Scotland, at the time of the study, started routine cervical screening at age 20 years whereas in England it was age 25 years. The Edinburgh centre therefore had a younger age distribution. Scotland is due to change to 25 years in 2016. Triage also differed between the two countries. In England, but not Scotland, borderline squamous or mildly dyskaryotic cytology is followed by HPV triage testing. Those women testing negative are followed up with repeat cytology whereas those testing positive are referred for colposcopic examination, where histopathology samples may be taken for further assessment. In Scotland there is currently no HPV triage and women are referred for colposcopy only after more than one consecutive low grade cytology result. Women with higher grade cytology results were referred for colposcopic assessment in all centres [9, 10] . Histology results for the English sites were collected up to 12 months after cytology but this was extended to 18 months for Edinburgh in view of the different referral guidelines. The HPV results from this study were not used for patient management, so that lesions in women with negative cytology could not be identified.
Ethics approval was received from National Research Ethics Service Committee East Midlands -Leicester (reference: 13/EM/ 0244) on 10th June 2013. Individual informed consent was not required as the study was non-invasive and the samples would otherwise have been discarded. In addition the residual samples were pseudo-anonymised and only identifiable to the research team by subject number. Cytology data and histopathology data were linked to the HPV result by the centre and then all data were pseudo-anonymised before release to the statistical centre and were only identifiable by subject number.
Results
A total of 3529 samples were collected. Of these 15 women were found to be ineligible and another 106 samples did not produce a valid result for both Xpert and cobas leaving 3408 women in the primary analyses ( Fig. A1 ) with all three tests valid, no hc2 tests were invalid. Their demographic and cytology details are shown in Table B1 . The median age was 38 years and 76% were aged 30 years or older, but the Edinburgh cohort was younger due a policy of screening from age 20 years. The negative cytology rate of 87% overall ranged from 98% in Bristol to 80% in Edinburgh and 84% in London. 63 (2%) women had moderate or severe dyskaryosis on cytology with Edinburgh accounting for 48 of these. A further 370 (11%) women overall had borderline or mild dyskaryosis. Bristol had a very low rate of low grade abnormality (2% compared to 15% in Edinburgh and 16% in London). Positivity by test, age group, and cytology and histology outcome is shown in Table C1 . 19.6% of all women were positive by Xpert HPV Assay compared with 19.2% with cobas and 19.9% with hc2. Supplementary Table 1 shows that there was variation of positivity rates by centre reflecting the differences above in positivity in cytology, with Bristol reporting 12% positive with Xpert, 12% with Cobas and 12% with hc2 compared to Edinburgh 25%, 25% and 26% respectively and London 21%, 21% and 22% respectively. Table C1 also shows that Xpert and hc2 were positive for all cases of high grade cytology whereas cobas was negative for 2 cases, in women aged 29 years. Xpert and hc2 were also positive for all cases of CIN3þ, whereas cobas was negative for one women aged 29 (who was one of the women with abnormal cytology). In addition a 31 year old woman with CIN2 on excisional biopsy was negative for each HPV test. Her original cytology result was reported as low grade but she had a subsequent moderate result and her excision histology result was 11 months after her sample for HPV testing was taken.
Concordant and discordant outcomes between Xpert and the other two tests are shown in Table D1 . High levels of agreement in HPV positivity were seen between Xpert and the other two tests (95.8% for cobas and 94.1% for hc2). Discordant pairs were of similar number in each direction reflecting similar overall positivity rates. All tests were positive for all high grade cytology and almost all CIN2 þ. Cobas was negative for two cases of high grade cytology. One subsequently had CIN3 on excision biopsy whereas the other had no CIN on histology. All three tests showed similar specificity for CIN2 þ (82-83%) and CIN3 þ (81-82%) and also similar positivity predictive values. However both of these were age dependent with specificity being substantially higher in women aged 30-60, but PPV higher in women aged 20-29 years than for women aged 30-60 years. Negative predictive values were all above 99.8% (data not shown). Supplementary Table 2 breaks these numbers down by site.
HPV 16 was reported separately for the Xpert and cobas assays. For Xpert positivity rates for HPV16 were 5% overall and 14% for women aged 21-29 and 2% for ages 30-60. For cobas the corresponding rates were the same 5%, 14% and 2%. Table D1 shows the concordance rate was very high being 99.0% with a kappa value of 90.1% and similar numbers of discordants in each direction.
Discussion
This is the first study to assess the performance of the Xpert HPV Assay in a screening population. The data suggest that the performance of Xpert is highly comparable to two clinically validated tests (cobas 4800 and hc2). Xpert HPV Assay offers more extensive partial typing than cobas which reports HPV 16 and HPV 18 and a consensus positivity for 12 other high risk HPV types. Hc2 does not offer individual typing but a consensus result for 13 high risk types. The Xpert HPV Assay also has the advantage that results are available within a short timeframe (the assay run time is under 1 h) with the flexibility to run a single or multiple cartridges. The system is very accessible operationally, requiring simple vortexing of the ThinPrep pot and pipetting into the single cell cartridge which is then slotted into the GeneXpert machine. This flexibility with non-batching and rapid turnaround time of individual samples could prove particularly useful in laboratory and clinical settings where workload is variable.
The sensitivity and specificity results in this study were similar across centres, despite their different disease rates. However these are relative measures since colposcopy referral was based only on routine procedures and so some disease in cytology negative women may have been missed. There were differences between centres in the proportion of abnormal histology and cytology and HPV prevalence. There are a number of possible explanations for this. Women under 25 years were targeted in Edinburgh whereas there were very few in London and Bristol where screening commences at 25 years, although invitations can be sent six months earlier. Subsequently there were differences between centres in the age distribution. In addition there were different referral policies between England and Scotland. For example Bristol has incorporated HPV triage as part of screening for substantially longer than London, and this was not used at all in Edinburgh at the time of this study so that those from Edinburgh with up to two low risk cytology results were kept within the 'screening' population. The higher HPV and disease rate in Edinburgh had the advantage or providing more CIN2þ cases overall which increased the accuracy of the sensitivity estimates. However, no differences between the performance of the three HPV tests was seen across the different centres. Overall the HPV prevalence was only slightly higher here than that previously recorded in a similar English population as part of the ARTISTIC Study (19.9% versus 16.1% using hc2), but ARTISTIC used a 2RLU cut-off for hc2. Cytology results were also virtually identical with 10.9% low grade and 1.9% high grade abnormalities for both studies [11] . Lastly histology was assessed locally without central review, so there could be local differences in interpretation across centres.
In conclusion, this study shows that the Xpert HPV Assay is a useful additional to the HPV testing market and compares well in terms of performance with other more established HPV testing systems. A study in which the HPV result is used for clinical management is needed to demonstrate the added sensitivity of this test in cytology negative women and directly compare its performance to cytology. 
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